Abstract
Introduction
Fuzzy Logic Controllers (FLCs) have been used successfully in numerous control systems. There are many methods to implement a FLC. The most common implementations rely on microprocessors but FLCs admit a high degree of parallelism and an analog solution allows it. Unfortunately, analog circuit design is not a easy task. Recently, Genetic Algorithms have been used as agents that program a reconfigurable platform in order to carry out circuit design, promoting a novel area of interest known as Evolvable Hardware (EHW) [1] [2] [3] [4] [5] .
Usually, FLC analog hardware implementations [6] [7] have followed the electronic circuit design common rules. The projects are based on designer's experience and intuition. However, synthesis of unconventional electronic circuits for which there are no textbook design guidelines are particularly appealing to EHW [8] .
The synthesis of analog circuits in Reconfigurable Platforms is a new way to design. Reconfigurable Platforms consist of integrated circuits whose internal connections can be programmed by the user. Field Programmable Analog Arrays (FPAAs) constitute the state of the art in the technology of reconfigurable analog platforms. The reconfiguration of these devices promotes the self-adapting and self-repairing features, which are important in applications where the circuits need to perform for long periods in harsh environments, such as in space missions. This is especially appealing to FLC implementation that could be used in this kind of applications.
This paper is divided into four additional sections. The second presents some basics architectural aspects of FLCs and its hardware implementations. Section 3 describes the FPAA named PAMA (Programmable Analog Multiplexer Array) [9] and the modifications carried out to evolve fuzzy circuits with the platform. Section 4 presents the first test result of a preliminary version of the platform evolving a simple membership function analog circuit. Section 5 concludes the work.
Fuzzy Logic Controllers
FLCs are based on Fuzzy Inference Systems (FIS) [10] . When modeling a Muti Input-Single Output (MISO) system, a FIS maps the n-dimensional input space to the uni-dimensional output space. The fuzzy paradigm is a convenient way to map the input space to the output space. Fuzzy systems can model highly complex nonlinear functions. Typically, in control applications, inputs are the error (real output minus setpoint) and change of error, and the output is the input to the plant to be controlled. In this case, the FLC implements the complex mapping function needed to control the plant.
A FLC is a system realization of the fuzzy control algorithm. Basically, it consists of three main function blocks: a fuzzification interface, a fuzzy inference engine and a defuzzification interface.
The fuzzyfication interface transforms the input in degrees of match with linguistic values. The inference engine holds the systems rules that is the control strategy. The defuzzyfication process gives de system's output.
There are two basic approaches to implement a analog fuzzy system: monolithic and modular.
The first is to consider a monolithic block able to map the inputs to the output., as show in Figure 1 . The design of a monolithic block that implements a fuzzy logic controller utilizes less hardware than the modular approach. It's very difficult to design because of the complex nonlinear multi input-single output mapping that the controller needs to implement.
The second approach to implement a analog fuzzy system considers the three main function blocks: fuzzifier, fuzzy inference engine and defuzzyfier. Figure 2 shows this approach named Modular.
Figure 2. Modular approach to fuzzy circuit.
The basic idea is to maintain the fuzzy architecture to easy the analysis and understanding of each module under a fuzzy logic point of view.
Each module is based on building blocks. Many analog circuits are necessary to implement a fuzzy controller. We can mention, for example: membership functions, logic operators, implication , aggregation and defuzzyfiers.
Each membership function has an associated circuit implementing it. Basically, a membership circuit is a DC mapper which accepts input voltages and gives output voltages. There are many possible shapes a membership function can present. Figure 3 illustrates the operation of a triangular membership function circuit. Similarly, there are many others electronic circuits to implement several others analog circuits needed, such as: logic operators, implication, aggregation and defuzzyfiers. Now we present the proposed Evolutionary Platform based on PAMA.
PAMA
The idea of developing the PAMA (Programmable Analog Multiplexer Array) platform is to supply an environment to evolve generic analog circuits based on discrete components, without the need of electronic circuit simulators.
The PAMA is an analog platform based on analog multiplexers/demultiplexers, as showed in Figure 5 . These multiplexers are fixed elements and are responsible for the interconnections of the different discrete components that can be plugged into the board. The prototype platform can interconnect 32 component terminals to up to 16 circuit connecting points (circuit nodes) or analog channels [1] [9] .
Intrinsic evolution of analog circuits is achieved through a traditional Genetic Algorithm whose chromosomes are made up of genes (bit string). Each gene configures the select signals of a particular analog multiplexer. Figure 5 depicts PAMA block diagram. As shown in Figure 5 , a multifunction I/O board connected to the PC bus is responsible for the A/D conversion and for the chromosome download.
To evolve fuzzy circuits using PAMA, an eight channel D/A converter need to be added. The D/A allows to apply different input values to the fuzzy circuits being evolved, in order to perform the necessary input to output mapping. 
Analog Reconfigurable Circuit
The analog reconfigurable circuit is divided into three layers: discrete components, analog multiplexers and analog bus ( Figure 5) .
The user chooses the discrete components, from lowlevel such as transistors, resistors and capacitors, to higher level circuits, such as operational amplifiers and comparators or even a more complex building block.
Each component terminal is plugged to a certain line of an analog bus through an analog multiplexer. The chromosome bits, which are sent by the PC, select for each analog multiplexer a certain line of the analog bus to connect to the component's terminal. Each line of the analog bus corresponds to one interconnection point of the circuit; some of them can be associated with external points, such as the input signal, power supply, ground and circuit output, while others can be associated with internal points of interconnection of the circuit.
For each discrete component terminal there has to be an analog multiplexer Nx1, where N is the number of lines in the analog bus or connecting points. For instance, if an Analog Reconfigurable Circuit has 10 transistors and 2 resistors as discrete components, 34 analog Nx1 multiplexers will be needed to connect N lines of the analog bus to (3x10) transistor's and (2x2) resistor's terminals. One PAMA's Analog Reconfigurable circuit module implements a 32 16-to-1 analog multiplexer/demultiplexer (bi-directional). The low on-resistance (Ron) of approximately 100Ω of the analog multiplexers prevents the reconfigurable circuit from damage during random configurations.
The circuit of Figure 6 corresponds to two of the 32 multiplexers of the reconfigurable circuit and one latch that holds the multiplexers' select bits. It also shows two genes of a chromosome, each of which configures one analog multiplexer used to connect one of the 16 lines of the analog bus to one of the terminals of a resistor.
PAMA is a flexible platform with respect to granularity: its building blocks can be chosen by the user, from transistors to high level analog components, such as operational amplifiers.
Evolution of a fuzzy circuit
Immediately after the circuit's download to the platform, the D/A converter is activated placing a voltage input in the circuit.
The multifunction I/O board starts the A/D conversion of the input and output signals of the circuit. This conversion does not occur in parallel. In tests, the period between two digital samples has been measured as being of 0.08ms. Since our real interest is to implement de input-output mapping, we allow some time (0.5 ms) to the output voltage stabilizes before starting the A/D conversion. For the membership function circuit evolution presented in the next section, we have used 64 samples of each signal for circuit evaluation and 10000 circuits were evaluated. This circuit has one input and one output signal. Then, the evaluation of 10000 circuits takes 64*10000*0.5 ms = 320 seconds.
Tests
For the preliminary tests, we choose to implement a simple fuzzy system building block, the membership function. This allows us to use a simple one channel D/A converter plugged at PC parallel port to evolve the circuit. This membership function is type Zero with 3 Volts amplitude. Figure 7 shows the function block . The Genetic Algorithm employed in this evolution presents a traditional modeling [11] : In the fitness technique used, the exponential normalization, the probabilities of the ranked individuals are exponentially weighted [12] . The probabilities of the individuals are given by:
The base of the exponent is the parameter 0<c<1 of the method. The closer c to 1 the lower is the "exponentiality" of the selection method.
The fitness function corresponds to the Mean Square Error of the difference between the desired output (Z type membership function) and the real output. The desired output was computed according to the membership function.
The discrete components can be chosen by the user. To this experiment we chose only one high level component, an operational amplifier, and 6 resistors. This choice can be based on known circuit configurations or on previous tests.
The circuit schematic of the evolved circuit is illustrated at Figure 8 . The mux's Ron resistance is show as 0.1K resistors. 
Conclusions
We have proposed and tested the implementation of Fuzzy Logic Controllers, based on building blocks, using an FPAA and a genetic algorithm to achieve intrinsic evolution. In the first test, a simple membership function has been evolved. Other fuzzy building blocks are currently been implemented.
One important feature of the PAMA is scalability. Ideally, several platforms would be connected together. Each one of these platforms would have a different target. The evolution would occur in parallel. Each platform individual target would be automatically defined during evolution, depending on the different discrete components available at each platform and depending on the platform's individual evolution process. The fitness value would be determined considering the system's final output and each platform's individual output. Such a parallel system seems to be in accordance with the modular approach to develop fuzzy logic controllers.
The next steps of this study include the implementation of more complex fuzzy analog circuits.
